The biological role of the protein tyrosine kinase, Pyk2, was explored by targeting the Pyk2 gene by homologous recombination. Pyk2؊͞؊ mice are viable and fertile, without overt impairment in development or behavior. However, the morphology and behavior of Pyk2؊͞؊ macrophages were impaired. Macrophages isolated from mutant mice failed to become polarized, to undergo membrane ruffling, and to migrate in response to chemokine stimulation. Moreover, the contractile activity in the lamellipodia of Pyk2؊͞؊ macrophages was impaired, as revealed by measuring the rearward movement toward the nucleus of fibronectin-coated beads on the lamellipodia in opposition to an immobilizing force generated by optical tweezers. Consistently, the infiltration of macrophages into a carageenan-induced inflammatory region was strongly inhibited in Pyk2؊͞؊ mice. In addition, chemokine stimulation of inositol (1, 4, 5) triphosphate production and Ca 2؉ release, as well as integrin-induced activation of Rho and phosphatidyl inositol 3 kinase, were compromised in Pyk2؊͞؊ macrophages. These experiments reveal a role for Pyk2 in cell signaling in macrophages essential for cell migration and function.
The biological role of the protein tyrosine kinase, Pyk2, was explored by targeting the Pyk2 gene by homologous recombination. Pyk2؊͞؊ mice are viable and fertile, without overt impairment in development or behavior. However, the morphology and behavior of Pyk2؊͞؊ macrophages were impaired. Macrophages isolated from mutant mice failed to become polarized, to undergo membrane ruffling, and to migrate in response to chemokine stimulation. Moreover, the contractile activity in the lamellipodia of Pyk2؊͞؊ macrophages was impaired, as revealed by measuring the rearward movement toward the nucleus of fibronectin-coated beads on the lamellipodia in opposition to an immobilizing force generated by optical tweezers. Consistently, the infiltration of macrophages into a carageenan-induced inflammatory region was strongly inhibited in Pyk2؊͞؊ mice. In addition, chemokine stimulation of inositol (1, 4, 5) triphosphate production and Ca 2؉ release, as well as integrin-induced activation of Rho and phosphatidyl inositol 3 kinase, were compromised in Pyk2؊͞؊ macrophages. These experiments reveal a role for Pyk2 in cell signaling in macrophages essential for cell migration and function. F ocal adhesion kinases (FAK) and proline-rich tyrosine kinases (Pyk2, also designated RAFTK, CAK, and CADTK), are two members of a family of nonreceptor protein tyrosine kinases that are activated by a variety of extracellular stimuli (1) (2) (3) (4) . FAK and Pyk2 exhibit Ϸ45% amino acid sequence identity and similar domain structure; an N terminus with similarity to band 4.1 homology domain, a centrally located protein tyrosine kinase domain (5) , and two proline-rich regions at the C terminus (1) .
FAK is ubiquitously expressed and has been shown to be tyrosine phosphorylated in response to integrin-mediated cell adhesion to the extracellular matrix (6) . Targeting the FAK locus by homologous recombination resulted in embryonic lethality, characterized by impaired fibroblast migration (7) (8) (9) . Pyk2, by contrast, exhibits a more restricted tissue expression pattern primarily in neuronal and hematopoetic tissues (1) . Pyk2 was shown to be stimulated in response to a broad range of stimuli, including extracellular signals that elevate intracellular Ca 2ϩ concentration, agonists of G proteincoupled receptors, engagements of the antigen receptors on T cells (1, 10) , B cells, and mast cells (11, 12) . Pyk2 is also activated in response to inflammatory cytokines (13) (14) (15) , by stress signals (13) , and by integrin-mediated cell adhesion (11) . Both Pyk2 and FAK bind to proteins that interact with the cytoskeleton, such as paxillin (16) , p130 cas , the Rho-GAP protein Graf (17) , and a LIM domaincontaining protein (18, 19) , suggesting a role in regulation of the cytoskeleton and cellular morphology in response to extracellular stimuli. Pyk2 also interacts with a family of phosphatidylinositol (PI) transfer proteins, designated Nirs (20) , and with a protein with an Arf GAP activity, designated Pap (21), both in vitro and in vivo. The role of these proteins in vesicle transport raises the possibility that Pyk2 may also play a role in the regulation of membrane flow within cells. Finally, it has been proposed that Pyk2 acts in concert with Src to link Gi-or Gq-coupled receptors with the mitogen-activated protein (MAP) kinase signaling pathway (22) . Autophosphorylation of Y402 on Pyk2 generates a binding site for the Src homology 2 domain of the docking protein Grb2, and subsequent recruitment of the Grb2͞Sos complex leads to activation of the Ras͞MAP kinase signal transduction cascade (22) .
To explore the biological functions of Pyk2 in vivo, we have created Pyk2-deficient mice by introducing a mutation into the murine Pyk2 gene. In contrast to the embryonic lethality in FAK-deficient mice, Pyk2Ϫ͞Ϫ mice are viable and fertile, with no gross anatomical alterations. In this report, we demonstrate that chemokine-induced migration of Pyk2Ϫ͞Ϫ macrophages is impaired because of altered cell polarization and diminished cell contractility. In addition, Pyk2-deficient macrophages exhibit multiple defects in cell signaling in response to integrin-mediated cell adhesion or chemokine stimulation, demonstrating that Pyk2 plays an important role in regulating a variety of macrophage responses to extracellular stimuli.
Materials and Methods
Reagents. Rabbit polyclonal anti-Pyk2 antibodies that were raised against the peptide corresponding to 17 C-terminal residues (23) were affinity-purified and used for immunostaining. Immunoblotting experiments were performed with anti-Pyk2 antibodies purchased from Transduction Laboratories (Lexington, KY). Anti-Rho and anti-p85 antibodies were purchased from Santa Cruz Biotechnology. Rhodamin conjugated Phalloidin was purchased from Sigma. SDF1␣ and MIP1␣ were purchased from R & D Systems.
Construction of Targeting Vector.
A mouse genomic DNA clone corresponding to the N-terminal domain and the kinase domain of Pyk2 was isolated from a 129-strain P1 phage library (Genome Systems). A 4.5-kb BamHI-AccI genomic DNA fragment encoding the 5Ј terminus of the kinase domain was inserted to a XhoI site flanking a neo expression cassette in the pPNT vector (24) , and a 2-kb AccI-SacI genomic DNA fragment was inserted to a BamHI site flanking the herpes simplex virus thymidine kinase expression cassette in the pPNT vector.
Electroporation of Embryonic Stem (ES) Cells and Generation of
Pyk2؊͞؊ Mice. R1 ES cells (7 ϫ 10 6 ) were electroporated in 800 l of PBS with 32 g of NotI-linealized targeting vector DNA at 240 V, 500 mF by using Gene Pulser (Bio-Rad) and plated on gelatin coated plastic dishes. After 48 h, the cells were transferred to growth medium supplemented with G418 (150 mg͞ml) (GIBCO), and gancyclovir (2 mg͞ml) (Syntex). G418-and gancyclovirresistant colonies were picked up 10-12 days after electroporation. Homologous recombination was screened by Southern blot hybridization. Four independently mutated ES cell clones were used in embryo aggregation experiments for generation of mice. Chimeric mice were crossed to 129Sv͞Ev females, and germ-line transmission in heterozyous mice was identified in two independent ES-cellclone-derived F 1 mice by Southern blot analysis. Heterozygote mice were intercrossed to produce homozygote mice. 
Results
A targeting vector for Pyk2 mice was generated by inserting a neo-expressing cassette into the 5Ј portion of Pyk2 sequence encoding for the protein tyrosine kinase domain. The targeting vector also contained a herpes virus thymidine kinase gene to allow for negative selection of nonhomologous recombinants (Fig. 1A) . ES cells were transfected and clones were selected with G418 and gancyclovir. Drug-resistant clones were analyzed by Southern blot analysis using a probe specific for the 3Ј region of the targeting vector ( Fig. 1 A and B) . Of the 300 drug-resistant ES cell clones that were isolated, six clones were identified as homologous recombinants. Germ-line transmission was obtained with two clones. The chimeric mice were crossed with 129Sv͞Ev mice to obtain F 1 progeny. Genotyping of mouse tail DNA indicated that the litters of all Pyk2ϩ͞Ϫ crosses displayed a 1:2:1 ratio of Pyk2ϩ͞ϩ, Pyk2ϩ͞Ϫ, and Pyk2Ϫ͞Ϫ offspring, indicating that the targeted allele does not compromise embryonic development and viability. Immunoblot analysis with antiPyk2 antibodies that recognize specifically an epitope in the C terminus of the protein did not show any Pyk2 immunoreactivity in the brain, thymus, and spleen tissue of Pyk2Ϫ͞Ϫ mice (Fig.  1C) . Similarly, Northern blot hybridization analysis of total RNA isolated from Pyk2Ϫ͞Ϫ brain, thymus, and spleen tissues with a probe encoding for the N terminus of Pyk2 (residues 3-227), did not reveal any Pyk2 expression (data not shown). In addition, immunoblotting with anti-FAK antibodies demonstrated that FAK is similarly expressed in various tissues from wild-type or Pyk2Ϫ͞Ϫ mice (Fig. 1D ).
Pyk2Ϫ͞Ϫ homozygous mice were fertile and did not show gross anatomical abnormalities compared with wild-type littermates, including tissues that normally express high levels of Pyk2 such as brain, thymus, and spleen. Further analysis of lymphoid subpopulations by flow cytometry did not reveal any obvious difference in the distribution of T cells, B cells, macrophage monocytes, or natural killer cells in any lymphoid tissue including spleen, lymph node, thymus, bone marrow, and peritoneal cavity. Serum levels of IgG1, IgG2a, IgG3, IgM, and IgA were also similar in Pyk2Ϫ͞Ϫ and wild-type littermates.
Impaired Migration in Vitro and in Vivo of Pyk2؊͞؊ Macrophages.
Previous studies have implicated both FAK and Pyk2 in the control of cell migration (7-9). Because Pyk2 is expressed in cells from the immune system, we have analyzed the effect of Pyk2 deficiency on the morphology and migration of macrophages. An immunoblotting experiment with anti-FAK antibodies (Fig. 1E) showed similar expression of FAK in wild-type or Pyk2Ϫ͞Ϫ macrophages, demonstrating that Pyk2 deficiency is not compensated for by overexpression of FAK in these cells. The experiment presented in Fig. 1F depicts comparison of migration of wild-type or Pyk2Ϫ͞Ϫ macrophages in response to chemokine stimulation by using video microscopy. In this experiment, wild-type or Pyk2 macrophages were monitored by video microscopy after stimulation with the chemo- kine SDF1␣. This experiment showed that, within 10 min, wild-type macrophages became polarized, developing lamellipodia at one side of the cell. At later time points (Ͼ20 min), the cell body moves in the direction established by the leading edge, detaching from the substrate at the trailing edge. In contrast, formation of the new lamellipodia by Pyk2Ϫ͞Ϫ macrophages in response to chemokine stimulation was delayed as compared with that of wild-type macrophages. Furthermore, the cell body of Pyk2Ϫ͞Ϫ macrophages showed reduced ability to follow the leading edge and failed to detach from the substratum. Over time, Pyk2Ϫ͞Ϫ macrophages extended multiple lamellipodia in several directions with similar failure to detach from the substrate. Eventually, most Pyk2Ϫ͞Ϫ macrophages developed several pseudopodia-like processes with minimal net migration. Overall, Pyk2Ϫ͞Ϫ macrophages are able to form a leading edge in response to a chemotactic stimulus, albeit with slower kinetics. However, these cells are unable to move the cell body into the leading edge efficiently and fail to detach the lagging edge from the substratum. Quantification of the number of spreading macrophages ( Fig. 2A Left) shows a strong increase among unstimulated and chemokine stimulated Pyk2Ϫ͞Ϫ versus the number of spreading wild-type macrophages. In addition, the average size of lamellipodia of wild-type macrophages was almost half the size of the lamellipodia of Pyk2Ϫ͞Ϫ macrophages ( Fig. 2 A Right). The morphological changes and migration of Pyk2Ϫ͞Ϫ macrophages were rescued upon infection of bone marrow-derived Pyk2Ϫ͞Ϫ macrophages with a retrovirus that directs the expression of a Pyk2-GFP fusion protein (Fig. 2B) . Quantitation of the number and size of the lamellipodias of wild-type or mutant macrophages (Fig. 2C) , showed that the size of the lamellipodia of Pyk2Ϫ͞Ϫ macrophages expressing Pyk2-GFP is similar to the size of lamellipodia of wild-type macrophages (Fig. 2C Left) . Similarly, the impaired migration of Pyk2Ϫ͞Ϫ macrophages was restored in mutant macrophages expressing Pyk2-GFP (Fig. 2D Right) .
The acute inflammatory response to s.c. carrageenan (23) was next tested to assess the in vivo consequence of impaired migration of Pyk2Ϫ͞Ϫ macrophages. Ten hours after carrageenan injection into wild-type or Pyk2Ϫ͞Ϫ mice, tissue sections of the injected lesion were examined microscopically for the presence of infiltrating macrophages and neutrophils (Fig. 2D Left) . The average number of infiltrating cells in wild-type mice was 4.8 ϫ 10 6 per injected area, whereas the number of infiltrating cells in Pyk2Ϫ͞Ϫ mice was reduced to 2.8 ϫ 10 6 cells per injected area. Morphological examination of the infiltrating cells indicated that macrophages comprised Ϸ70% of the infiltrate in wild-type mice but only 20% of the infiltrate in the Pyk2Ϫ͞Ϫ mice, the remaining cells were primarily neutrophils (2D Right). The failure of Pyk2Ϫ͞Ϫ macrophages to migrate effectively in vitro is thus correlated with a deficit in inflammatory infiltration in vivo.
Impairment in Contractile force in Pyk2؊͞؊ Macrophages Revealed
by Optical Tweezers Analysis. Microscopic observation of migrating macrophages revealed that Pyk2 Ϫ͞Ϫ cells could extend lamellipodia but the cell body failed to flow into the newly formed leading edge. This observation suggested that the contractile activity of the cytoskeleton in the lamellipodia was impaired in Pyk2Ϫ͞Ϫ macrophages. The contractile force was determined by measuring the rearward movement toward the nucleus of beads coated with recombinant fragment of fibronectin (FN type III domains 7-10) on lamellipodia in opposition to an immobilizing force generated by optical tweezers (25) (26) (27) . Immobilizing force by optical tweezers was applied to the beads on the lamellipodia of the cells and the movement of the bound beads was monitored. Representative plots of the distance of bead displacement versus time in wild-type or Pyk2Ϫ͞Ϫ macrophages is presented in Fig. 3A . The beads on the lamellipodia from wild-type macrophages exhibited rearward movement and escaped from the force field of the laser trap. After chemokine stimulation, the velocity of bead movement on the lamellipodia of wild-type macrophages was increased and the beads escaped more quickly. With the immobilizing force exerted by the optical tweezers, Ͼ50% of the beads that were attached to the lamellipodia of either stimulated or unstimulated wild-type mac- rophages were able to escape from the force field of the optical trap. In contrast, beads bound to the lamellipodia of Pyk2Ϫ͞Ϫ macrophages did not exhibit rearward movement in presence or absence of chemokine stimulation (Fig. 3A) . No beads that were attached to the lamellipodia of unstimulated Pyk2Ϫ͞Ϫ macrophages were able to escape from the optical trap, and only 10% of the beads that were attached to the lamellipodia of stimulated macrophage were able to escape from the optical trap (Fig. 3B) . Overall, rearward movement, i.e., the contractile force generated by the cytoskeleton, is impaired in Pyk2Ϫ͞Ϫ macrophages in comparison to the contractile force generated in wild-type macrophages.
Impaired F-Actin Localization in Pyk2؊͞؊ Macrophages. We next analyzed the subcellular localization of Pyk2 in unstimulated or chemokine-stimulated macrophages by using indirect immunofluorescence microscopy of permeabilized macrophages labeled with anti-Pyk2 antibodies. This experiment shows that in unstimulated cells, Pyk2 is predominantly localized at the cell membrane and cytoplasm (Fig. 4A Left) , whereas after chemokine stimulation, Pyk2 is localized in cell membrane and cytoplasm as well as in the leading edge of the macrophages at the region exposed to the highest chemokine concentration (Fig. 4A Right) . We next used fluorescently labeled phalloidin to compare actin localization in unstimulated or chemokine stimulated wild-type or Pyk2Ϫ͞Ϫ macrophages. Fig. 4B demonstrates that unstimulated Pyk2Ϫ͞Ϫ macrophages show more pronounced F-actin staining in ruffles as compared with F-actin staining in unstimulated wild-type macrophages. In response to localized chemokine stimulation, F-actin was found to be concentrated at the edge of the cells at the region exposed to the highest chemokine concentration. In contrast, in Pyk2Ϫ͞Ϫ macrophages that were also subjected to localized chemokine stimulation, F-actin was found to be accumulated at multiple sites along the cell periphery (Fig. 4B Lower) . The accumulation of F-actin at multiple sites in Pyk2Ϫ͞Ϫ macrophages is consistent with the extension of multiple lamellipodia toward different directions that was observed in the Pyk2-deficient macrophages. These experiments demonstrate that the Pyk2Ϫ͞Ϫ macrophages fail to become properly oriented toward a chemotactic gradient. (1, 4, 5) Triphosphate [Ins(1,4,5 )P3] Production in Pyk2؊͞؊ Macrophages after Chemokine Stimulation. Calcium plays an important role in the control of a variety of intracellular events as well as in the control of cell shape and movement (28) . Therefore, we measured cytoplasmic calcium release in single cells in response to chemokine stimulation by using quantitative fluorescence microscopy of Fura-2-loaded cells. Treatment of wild-type macrophages attached to cover slips showed maximum increase in cytoplasmic [Ca 2ϩ ] concentration at Ϸ300 nM chemokine. By contrast, Pyk2Ϫ͞Ϫ macrophages did not show an obvious increase in [Ca 2ϩ ] concentration (Fig. 5A) . However, both wild-type and Pyk2Ϫ͞Ϫ macrophages showed a similar rise in intracellular [Ca 2ϩ ] concentration in response to ATP stimulation (Fig. 5A ). This experiment shows that Pyk2 plays an important role in the control of chemokine-induced Ca 2ϩ release in adherent macrophages. Defects in calcium release may contribute toward the failure of the cells to detach at the rear end leading to impairment in cell migration because proteins that regulate the degradation of focal contact components and disassembly of Factin require calcium for their action (29, 30) .
Reduced Intracellular Calcium Release and Inositol
A significant proportion of intracellular Ca 2ϩ released in response to extracellular signals is mediated by Ins(1,4,5)P3 production (31) . We therefore analyzed the production of Ins(1,4,5)P3 in these cells. In this experiment, wild-type or Pyk2Ϫ͞Ϫ macrophages were labeled with [ 3 H]myo-inositol and then stimulated with MIP1␣. At various times after chemokine stimulation, the production of Ins(1,4,5)P3 was determined by HPLC analysis (32) . Wildtype macrophages showed a biphasic production of Ins (1, 4, 5) P3 with peaks at 20 sec and 2 min after chemokine stimulation. The experiment presented in Fig. 5B shows that Ins(1,4,5)P3 production was compromised in Pyk2Ϫ͞Ϫ macrophages; the peak at 20 sec after stimulation was reduced by Ϸ50% as compared with Ins(1,4,5)P3 production in wild-type macrophages, and no Ins(1,4,5)P3 was generated after 2 min of chemokine stimulation (Fig. 5B) .
Impaired Rho and PI-3 Kinase Activation in Response to Integrin-
Mediated Cell Adhesion of Pyk2؊͞؊ Macrophages. The small G protein Rho has been implicated in the control of actin polymerization, the contractile activity of the acto-myosin system (33) , and the control of integrin binding to the extracellular matrix (34) . Therefore, we have examined the status of Rho in response to integrin-mediated adhesion of wild-type or Pyk2Ϫ͞Ϫ macrophages. In this experiment, either wild-type or Pyk2Ϫ͞Ϫ macrophages were plated on substratum coated with fibronectin. Unstimulated or stimulated cells were solubilized, and cell lysates were subjected to a ''pull-down'' assay using a GST fusion protein containing the CRIB domain of Rhotekin as a measure for GTP-bound state of Rho. The experiment presented in Fig. 5C shows that Rho is activated after integrin-mediated attachment to the fibronectin-coated substratum of wild-type macrophages. By contrast, Rho activation was compromised after integrin-mediated attachment of Pyk2Ϫ͞Ϫ macrophages.
The activation of PI-3 kinase in wild-type or Pyk2Ϫ͞Ϫ macrophages in response to integrin-mediated cell adhesion was also compared. The experiment presented in Fig. 5D shows cell adhesion-dependent activation of PI-3 kinase activity in wild-type macrophages. By contrast, PI-3 kinase activity was strongly impaired in macrophages isolated from Pyk2Ϫ͞Ϫ mice, demonstrating that Pyk2 is required for cell adhesion-dependent PI-3 kinase stimulation in macrophages.
Discussion
Pyk2 and FAK are two members of a family of protein tyrosine kinases that are activated by a variety of extracellular stimuli. Pyk2 was shown to be activated by peptide hormones that bind to G protein-coupled receptors that mediate their intracellular responses via Gi and Gq type G proteins (1) . In certain cells, Pyk2 is activated by integrin-mediated cell adhesion (11) , and in other cells Pyk2 is strongly activated by a variety of extracellular stimuli that result in elevation of intracellular [Ca 2ϩ ] concentration (1).
Pyk2 deficiency results in compromised chemokine-induced macrophage migration. The migration of cells in culture in response to extracellular stimuli can be divided into a five-step cycle: (i) extension of the leading edge toward stimulus; (ii) adhesion of the leading edge to the substrate; (iii) movement of the cytoplasm toward the leading edge; (iv) release from contact sites at the lagging edge; and (v) recycling of membrane receptors from the lagging edge to the leading edge of the cell (27) . Each step of the cycle requires orderly changes in cytoskeletal structures and focal contacts, a process that is regulated by a variety of intracellular enzymes, including protein tyrosine kinases and protein tyrosine phosphatases (35) . Several steps of the migration cycle are impaired by Pyk2 deficiency: in Pyk2Ϫ͞Ϫ macrophages, extension of the leading edge is delayed and multiple extensions are generated (steps i and ii). Furthermore, Pyk2Ϫ͞Ϫ macrophages inefficiently detach the lagging edge from the matrix to allow net movement (steps iv and v). It appears that the migration of the cytoplasm is also impaired in the Pyk2-deficient macrophages. Alterations in the migration cycle are particularly evident after the initial extension of lamellipodia and altered cell polarization, which could be observed as multi directional lamellipodia and redistribution of F-actin in multiple sites.
The experiments presented in this report show that several intracellular signals that are stimulated by chemokines are impaired in Pyk2Ϫ͞Ϫ macrophages, including chemokine-induced production of PI hydrolysis and Ca The strength of the traction force in the lamellipodia of wild-type or Pyk2Ϫ͞Ϫ macrophages was analyzed by applying the laser tweezer method (25) . The ability of plasma membranebound beads to move rearward on the cell surface in opposition to the restraining force imposed by the force field of the laser provides a measurement for the ability of cells to migrate over a fixed point on the matrix. Measurements of bead movements on wild-type or Pyk2Ϫ͞Ϫ lamellipodia revealed the diminished capacity of integrin͞cytoskeletal complex in Pyk2Ϫ͞Ϫ macrophages to supply the contractile force necessary for cell migration. This can be caused by decreased tightness of the linkage between integrin and the cytoskeleton or decreased contractile force of the cytoskeleton or decreases in both processes. However, no difference was detected in the expression level of ␤1, ␤2, and ␣M (CD11␤) integrins as revealed by fluorescence-activated cell sorter analysis (data not shown). Therefore, it appears that diminished traction force in Pyk2Ϫ͞Ϫ macrophages will stabilize lamellipodia that would normally be retracted, resulting in the disruption of cellular polarization and migration.
It is thought that cells subjected to a chemotactic gradient are ''sampling'' the environment by extending lamellipodia in several directions. Stable attachments to the extracellular matrix are formed in the direction of the highest concentration of the stimulus, whereas other lamellipodia eventually retract into the cell. The maintenance of an appropriate cellular polarization in a gradient thus requires regulation of contact stability and contractile capacity of the lamellipodia. In Pyk2Ϫ͞Ϫ macrophages, both processes are impaired. Cell morphological change, such as contraction of lamellipodia or formation of contact, require continuous changes in the assembly of the cytoskeleton. Members of the Rho family of GTPases play an important role in modulating the cytoskeleton in response to extracellular stimuli. Furthermore, Rho GTPases were implicated in the control of cytoskeletal organization, actomyosin contraction, vesicle transport, phospholipid production and in the control of integrin clustering (36) (37) (38) (39) . We have demonstrated that tyrosine phosphorylation of Vav in response to cell adhesion is reduced in Pyk2-null macrophages (data not shown), suggesting a potential mechanism for reduced Rho-activation in mutant macrophages. The reduced activation of Rho and PI-3 kinase activity induced by integrin-mediated adhesion of Pyk2Ϫ͞Ϫ macrophages may lead to impairment of a variety of cellular responses. Moreover, because activation of Rho has been shown to be critical for contraction of lamellipodia (39) , the decreased contractility in Pyk2Ϫ͞Ϫ macrophages could be due in part to the decreased activity of Rho. Although it is not yet clear how Pyk2 is linked to the multiple signaling pathways that depend, as shown in this report, on the integrity of this tyrosine kinase, it is clear, however, that Pyk2 plays a role in the control of macrophage migration and function.
